The electrostatic attraction between the negatively charged components of cancer cells and the positively charged anticancer peptides (ACPs) is believed to play a role in selective disruption of cancer cell membrane. Since arginine (Arg), a cationic amino acid is the most prevalent in these ACPs; we hypothesized that Arg when delivered in saline environment at the pharmacological concentration could become an anticancer molecule. The effects of L-Arg and D-Arg on tumor cell lines were studied. The therapeutic ability of pharmacological doses of Arg in saving the mice from experimental tumors was also evaluated. Both the enantiomers of Arg and not the cationic amino acid L-lysine (L-Lys) or agmatine-sulphate, at 10 mM concentration caused tumor cell clumping when treated in PBS. Arg delivered in PBS (Arg-P) and not in medium (Arg-M) up to 50 mM caused extensive tumor cell membrane damage leading to its death. Arg at 150 mM and above irrespective of chirality and incubation vehicle became an effective antitumor molecule against all the four cell lines tested. L-Arg was not toxic to normal cells like erythrocytes, lymphocytes, NIH 3T3 cells when presented in PBS. Arg cured mice bearing solid tumor fibrosarcoma (FS) when delivered into the tumor either in PBS or medium and lymphosarcoma-ascitic (LSA) tumor when delivered intraperitoneally in PBS. Our studies indicate that Arg can be used for loco-regional tumor therapy with minimal damage to normal cells and the mechanism of anticancer action of Arg is not metabolically driven but through its chemical structure, dose and delivery environment.
INTRODUCTION
Arginine (Arg) is involved in a number of biosynthetic pathways that significantly influence carcinogenesis and tumor biology [1] [2] [3] [4] . Arg and its metabolic products have been demonstrated to modulate immune, inflammatory and metabolic pathways and facilitate or inhibit the growth of the tumor [4] [5] [6] [7] . Arg containing anticancer peptides (ACPs) have also been known to kill tumor cells by disrupting the cell membrane, through a non-metabolic process based on their structure. This anticancer property of ACPs eliminates cancer chemotherapy associated adverse side effects and the frequent development of multi-drug resistance [8] [9] [10] [11] . Cancer cell membranes typically carry a net negative charge due to higher than normal expression of anionic molecules [11] . The electrostatic attraction between the negatively charged components of cancer and bacterial cell membrane and the positively charged ACPs and cationic antimicrobial peptides (CAPs) is believed to play a role in the strong binding and selective disruption of cancer and bacterial cell membrane, respectively [8, 9, 11, [12] [13] [14] [15] . ACPs have also been demonstrated to be selective in killing tumor cells as cancer cell plasma and mitochondrial membrane potential are typically higher than those of normal cells [16] . Cationic amino acid Arg is commonly found in positively charged ACPs and CAPs. Arg oligomers of more than five amino acids were effective in interacting and entering the biological cells [12] . Arg-Gly-Asp (RGD) sequence not only possesses tumor targeting capacity, but also has tumor cytotoxic and invasiveness inhibition effects dependent on the blockage of alpha (v) integrin activity, which would make it more efficient in tumor targeting therapy [13, 17] . Arg has been shown to be present as molecular clusters in solutions and forms supramolecular assembly in phosphate buffer saline (PBS) in a dose dependent manner up to 0.5 M and display a hydrophobic surface [18, 19] . The clustering was dependent on the delivery environment of the Arg solution. Such hydrophobicity has been shown to enhance the antitumor and antimicrobial property of the peptides [11] . Considering the above, we hypothesized that either L-Arg or D-Arg when delivered at pharmacological doses at the tumor site depending on the delivery environment could become an effective anticancer molecule [20] . Since drugs are delivered in a saline environment, the effects of pharmacological doses of Arg in PBS environment on its ability to kill tumor cells were studied, both in vitro and in vivo conditions. The current work revolves around the anticancer nature of Arg based on its chemical structure and delivery environment, which has not been studied so far.
MATERIALS AND METHODS

Mice
Protocols for the animal studies described here were approved by the Bhabha Atomic Research Centre Animal Ethics Committee which is in accordance with the guidelines laid down by the Committee for the Purpose of Control and Supervision of Experiments on Animals, Government of India. Swiss/Bh inbred male albino mice, 8-10 weeks old and weighing between 26-28 g were reared in the animal house facility of the Bhabha Atomic Research Centre [21] . They were acclimatized to room temperature at 23.1±1 °C, relative humidity of 50±10% and a 12 h dark/light cycle for one week before the start of the experiment. The animals were fed with standard laboratory diet and had free access to drinking water.
Cell Lines and Culture
A549 (Highly metastatic, human lung carcinoma), INT407 (human embryonic intestine), MCF7 (Human breast adenocarcinoma), EL4 (T cell lymphoma of C57BL/6 mouse) and NIH 3T3 (Swiss mouse fibroblast) were obtained from National Centre for Cell Sciences, Pune, India. Lymphosarcoma ascites (LSA) and Fibrosarcoma (FS) are tumors of Swiss mouse origin and have been described earlier [21, 22] . Tumor cell lines such as FS, LSA and EL4 were cultured in RPMI-1640 medium and tumor cell lines such as A549, INT407, MCF7 and NIH 3T3 were cultured in DMEM medium. Both RPMI1640 and DMEM were supplemented with sodium bicarbonate (2g/L), 2-mercaptoethanol (5 X 10 5 M), 10% heat inactivated fetal calf serum (FCS), penicillin (100 U/ml) and streptomycin (100 μg/ml).
Drugs used for Anticancer Activity
Arg free RPMI-1640, PBS and DMEM medium was used to prepare various Arg solutions for studies. In case of Arg free RPMI-1640 and PBS known amount Arg powder was added to make desired concentration. In case of DMEM where basal concentration of L-Arg was 0.48mM, was considered to make desired concentration. In case of D-Arg preparation in RPMI 1640, PBS and DMEM medium known amount of D-Arg powder was added to make desired concentration. DMEM containing 0.48 mM of L-Arg and RPMI 1640 containing 1.1 mM of L-Arg was used for 24 h culture. L-Arg free base, D-Arg free base, agmatine-sulphate salt and L-Lysine free base (L-Lys), N -Nitro-L-arginine methyl ester hydrochloride (L-NAME), N -Nitro-Darginine methyl ester hydrochloride (D-NAME) (Sigma, St. Louis, USA) were dissolved either in medium, pH 7.4 (M) or PBS, pH 7.4 (P). The cytotoxicity was assessed by trypan blue dye exclusion test, 51 Chromium release assay (CRA), 3 H-thymidine based proliferation assay, confocal microscopy and in vivo tumor inhibition assay.
Photomicrograph of Tumor Cells
Tumor cells (1X10 6/ /ml) of different types (MCF7, A549, INT407, LSA and EL4) were incubated with L-Arg in PBS (L-Arg-P) or L-Arg in medium (L-Arg-M) in a test tube for 1h at 37 0 C in a humidified CO 2 incubator. LSA cells (1X10 6/ /ml) were incubated with L-Arg or D-Arg in PBS either in the presence of NOS inhibitor L-NAME or its enantiomer D-NAME in a test tube for 1h at 37 0 C in a humidified CO 2 incubator. Later, the cells were centrifuged for 5 min at 3000 rpm and then resuspended in medium containing 10% FCS. The contents in the test tube were transferred to 24 well plate. Photomicrograph were recorded using Nikon camera attached to Nikon Phase Contrast microscope at 20X magnification after 24 h (ELWD 0.2, Japan).
Tumor Cell Membrane Damage Studies Using Confocal Microscopy
After treatment with various concentration of L-Arg-P, LSA cells were harvested and washed with PBS. PI stain (Sigma, Cat no P4170) was added to tumor cell suspension (1X10 6 cells/ml) to a final concentration of 1 g/ml and after 5 minutes Hoechst 33342 DNA (Sigma, Cat no. B2261) stain was added to a final concentration of 5 g/ ml. After mixing briefly, the stained cells were observed after 5 minutes of incubation with confocal microscopy (LSM 510META, Zeiss, Germany). To study the early apoptotic process 1 ml of L-Arg-P treated tumor cell suspension (1X10 6 cells/ml) was stained with 5 l annexin-V FITC conjugate (Sigma, Cat no. A9210) and 10 l of PI stain, incubated for 10 min in dark and observed under confocal microscope. For video, tumor cells (1X10 6 cells/ ml) were seeded in P-30 Petriplates (BD Falcon) and allowed to form monolayer for 24 hr at 37 0 C in a humidified CO 2 incubator. The plate was treated with 50 mM of Arg either in PBS or medium. The plate was kept for 1 h on the confocal microscope stage for live imaging.
Caspase Activity
Caspase 3 activity was performed using Caspase 3 Colorimetric Assay kit (Sigma, St. Louis USA). 1 X 10 6 cells with various concentration of Arg in PBS and medium was incubated for 4 and 24h and further analysis was carried out following manufacturer's protocol.
NOx Assay
LSA cells (1X10 6/ /ml) were incubated with either L-Arg-P or D-Arg-P in 24 well plate for 1h at 37 0 C in a humidified CO 2 incubator. Later, the cells were centrifuged for 5 min at 3000 rpm and the supernatant was assayed for NOx (nitrite + nitrate) levels using the commercial nitric oxide assay kit (Calbiochem, Germany) as per the manufacturer's protocol.
Chromium Release Assay (CRA)
The method is essentially as reported earlier [23] . CRA measures the target cell membrane damage and death which relates to the loss of plasma membrane integrity leading to the leakage of cellular components. CRA was performed with tumor cell line LSA. Briefly, tumor cells (18X10 6 Tumor cell proliferation was measured according to the method described earlier [21] . 
Hemolysis Assay
Fresh human blood were collected by finger puncture, from a healthy donor (who was fasting and not submitted to any drug treatment), working in our laboratory with informed consent. The blood sample was diluted 50 times with isotonic PBS, pH 7.4 and used in the assay [24] . Blood collected from Swiss mice by tail vein puncture was processed similarly and used in the assay. We plotted the percent red blood cell (RBC) hemolysis as a function of osmolarity and calculated the mean corpuscular fragility (MCF), which represents osmolarity at which 50 percent hemolysis is observed.
Concanavalin A (Con-A)-Induced Mitogenesis
Mitogenesis was done according to the method described earlier [21] . Briefly, splenic lymphocytes were obtained by hypotonic treatment using Tris-Ammonium chloride (0.83%, pH 7.2). One million splenocytes/ ml were incubated with various concentrations of L-Arg either in PBS or RPMI 1640 medium for 1h at 37 0 C, centrifuged and were resuspended in RPMI 1640 medium at a density 10 6 /ml containing 10% FCS. The cells (2X10 5 / 200 μl) in 96 well plate were stimulated with T cell mitogen Con-A (10 g/ml) for 72 h and were pulsed with 3 H thymidine (1 Ci /well). The splenocytes were further cultured for 16 hours and were harvested on glass fiber filters using a Multimash-2000 harvester (Dynatech Laboratories Inc., USA). The incorporated radioactivity was counted in a toluene-based scintillation fluid using LS Analyzer (TriCarb 2900 TR Packard, A Packard Bioscience Company). Radioactivity was expressed as cpm which was used for statistical analysis.
In vivo Therapy of Murine Tumors
Single cell suspension of the FS cells were prepared as reported earlier and injected subcutaneously at ventro-lateral position of mice on day 0 [22] . FS therapy was initiated on day 7, post tumor transplantation when the average tumor diameter was 4.5 -5.6 mm. The treatment was continued on day 8, 9 and 10th day of tumor transplantation. Various drug delivery schedules as mentioned in results were injected intratumorally 0.02ml/gram body wt. into the centre of tumor base, once a day. Injection was performed slowly over 30 seconds without moving the needle, to ensure uniform diffusion of the solution. For these injections, no leakage of solution around the needle or out of the tumor was observed. Single cell suspension of the LSA tumor was prepared as reported earlier and injected intraperitoneally (i.p.) on day 0 [21] . In case of LSA therapy a bolus injection of various drug delivery schedules as mentioned in results was given i.p., 0.03ml/gram body wt on day 3, 5, 7 and 9 of tumor transplantation, once a day. Sham group indicates tumor bearing mice which were untreated and handled similar to experimental group. Tumor diameter was monitored in the case of solid FS tumor and survivals were monitored in the case of FS and ascitic LSA. When tumor diameter reached 25 mm in FS bearing mice, animals were sacrificed. In case of LSA when the mice showed severe distress due to distended peritoneal cavity because of ascites formation, they were sacrificed. The day of sacrifice was considered for monitoring the survival period. The mice which were tumor free on day 30 were monitored for the presence of visible tumors. Tumor free mice surviving on day 120 of tumor transplantation were considered cured of tumor.
Statistical Analyses
Statistical analyses were performed using ANOVA followed by post-hoc analysis by Schiffe's test. Fractions of tumor free mice were analyzed using Fishers exact probability test. MCF data for RBC hemolysis were analyzed by using probit analysis SPSS version 12.0 windows. Difference of MCF values at various Arg concentrations from control was compared by using ANOVA followed by posthoc analysis by Tukey's HSD multiple comparison test (SPSS 12.0 for windows). We rejected the null hypothesis at a P value of 0.05. The IC50 and IC90 values were calculated using Origin 6.O software.
RESULTS
Arg in PBS Causes Clumping of Tumor Cells
Mouse tumor cell lines such as LSA and EL4 and human tumor cell lines such as MCF7, A549 and INT407 formed large slimy aggregates or clump after the treatment with L-Arg-P and centrifuged (Fig. 1) . The results also indicate heavy cell loss in LSA, EL4, MCF7 and A549 tumor cells treated with Arg-P, possibly indicating the cell lysis. Tumor cells treated with D-Arg-P treated similarly caused clumping (Fig. S1) . However, treatment of these tumor cells, with 10 mM L-Arg-M did not cause either cell aggregation or cell loss of the above tumor cell lines (Fig. 1) . L-Lys, a cationic amino acid and agmatine-sulphate, the decarboxylated metabolic product of Arg containing guanidine group did not cause clumping of the tumor cells when delivered in PBS at a concentration of 10 mM (Fig. S1) . The results indicate the ability of Arg to cause tumor cell damage when presented in PBS and not in medium.
Arg in PBS Causes Tumor Cell Membrane Damage
Arg at 10 mM delivered in PBS and not in medium killed more than 80% of LSA cells by 45 minutes, and Arg at 50 mM delivered in PBS and not in medium killed more than 95% of LSA cells by 15 minutes, as assessed by trypan blue staining (data not shown). However, L-Lys and agmatinesulphate at 10 mM did not cause membrane damage as assessed by trypan blue exclusion test, even after 1 h of incubation ( Table 1) . Studies were done in detail to see the ability of various concentrations of L-Arg to cause membrane alterations in LSA tumor cells, by observing the confocal images of Hoechst and PI stained tumor cells. The 
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The membrane integrity was assessed by trypan blue dye exclusion test with LSA after 1h treatment. Treatment group indicates Drug, Dose of drug in mM and Delivery vehicle (P or M) in the order separated by a hyphen. LSA cells treated with only PBS and L-Arg-P at 5mM showed majority of blue stained cells indicating the intact cell membrane (Fig. 2a and 2b) whereas LSA tumor cells treated with L-Arg-P at 10 mM showed intense red stain with PI, indicating severe damage of tumor cell membrane and formation of clump (Fig. 2c) . However, treatment of LSA cells, with 10 mM L-Arg-M did not lead to membrane damage as no remarkable PI staining was seen in tumor cells (Fig. 2d) . There was absence of annexin-V FITC stained cells and PI stained cells in control (Fig. 2e) . In case of LArg-P at 10mM intense PI staining and absence of annexin-V FITC stained cells indicated that the death was contributed due to extensive L-Arg-P induced necrosis of the tumor cells
and not due to apoptosis (Fig. 2f) . Further, there was no detectable levels of caspase 3 activity in LSA cells treated with Arg up to 300 mM either in PBS or medium (data not shown) suggesting the exclusion of the apoptotic pathway as the primary event in the observed anticancer effect of Arg. Tumor cells incubated with L-Arg-P at 10 mM for 1 h caused aggregation of tumor cells and lead to the formation of mat-like structure (Fig. 2g) . Live confocal images of the tumor cells indicated a significant alteration in the tumor cell morphology, at 15 min of incubation with L-Arg-P at 50 mM and not with L-Arg-M at 50 mM (Movie S1, Fig. S2 ). 
NO does not Contribute to the Anticancer Effect of Arg
Nitric oxide synthase (NOS) inhibitor L-NAME, a nonselective inhibitor of NOS and its enantiomer D-NAME, inhibit the clumping of LSA tumor cells induced by either LArg-P or D-Arg-P (Fig. S3) . The results suggest that both L-NAME and D-NAME prevented the anticancer effect of Arg through its chemical structure. To demonstrate the involvement of NO, NOx (nitrite+ nitrate) levels in the supernatant of LSA tumor cells treated with 10 mM of Arg in PBS environment were assayed. The results indicate that there is no increased production of NO, in Arg-P group compared to the control group, which demonstrates that NO is not contributing to the anticancer effect of Arg (Fig. S4) .
Arg in PBS Causes Membrane Disruption of Tumor Cells
Experiments were done with CRA to monitor the tumor cell membrane damage induced by Arg treatment for 1h in PBS or medium environment on LSA. Our data on CRA indicated that treatment of tumor cells with both the enantiomers of Arg-P caused dose dependent membrane damage up to 300 mM of Arg (Fig. 2h) . Treatment with Arg-M did not show significant membrane damage in LSA tumor cell below 50mM. However, treatment with Arg-M at 150 mM and beyond showed significant membrane damage in tumor cell lines. In conclusion, Arg induced necrotic death of tumor cells in a dose dependent manner. These results suggest the importance of Arg concentration and the delivery environment in Arg-induced tumor cell killing.
Arg in PBS becomes Effective Anticancer Molecule
Since it is the ability of the remaining tumor cells to proliferate in order to determine whether a tumor can grow, we designed the experiments to find out the proliferative ability of the tumor cells remaining after Arg treatment for 1 h, using 3 H-thymidine based proliferation assay. Incubation period of 1 h was selected based on confocal studies on tumor cell membrane damage. This will establish the ability of Arg to act as an anticancer molecule depending on the concentration and delivery environment. After 1 h incubation with Arg tumor cells were cultured for 24 h in medium containing FCS. We used Arg concentration up to 300 mM since these higher pharmacological concentrations were used to treat murine tumors in vivo. Both L-Arg and D-Arg at 50 mM inhibited growth of all the tumor cell lines when delivered in PBS and not in medium (Fig. 3a-d Table 3 . The results indicate the relative sensitivities of various tumor cell lines to Arg. MCF7 seem to be the most sensitive to Arg-P. The result also suggests the dependence on chirality of Arg and delivery vehicle in preventing the tumor cell proliferation. In conclusion, the results indicated an increased anticancer activity of Arg when delivered in PBS. In medium environment Arg becomes an anticancer molecule at higher concentration.
Effects of Arg on Normal Cells
Drug induced cytolytic activities against normal mammalian cells and erythrocytes have a large clinical relevance. Since systemic concentration of Arg achieved in the human body is much below 20 mM and Arg in PBS environment is a better anticancer molecule, we tested the effect of treatment with Arg in PBS environment up to 50 mM on normal cells like human and murine erythrocytes, murine splenic lymphocytes and NIH 3T3 cell lines. We observed that treatment of both murine and human erythrocytes with LArg-P up to 50 mM was non toxic as revealed by osmotic fragility test (Fig. 4a-c) . On the contrary, L-Arg-P treatment decreased the osmotic fragility of both murine and human erythrocytes as reflected in the shift of mean corpuscular fragility (MCF) towards lower osmolarity, suggesting that LArg stabilizes the erythrocyte membrane and prevents hypotonic induced hemolysis (Fig. 4c) . Treatment of splenocytes with L-Arg-M for 1 h, significantly enhanced the Con-A induced proliferation of splenocytes (Fig. 4d) , when compared to treatment with L-Arg-P. Further, treatment with L-Arg-P at 50 mM for 1 h significantly enhanced the Con A induced proliferation of splenocytes (Fig. 4d) , when compared to the control. Normal Swiss mouse lymphocytes become the perfect control for the LSA cells, as LSA tumor is derived in the syngeneic Swiss mice [21] . Further, treatment of NIH 3T3 fibroblast with either L-Arg-P or LArg-M did not inhibit the cell proliferation (Fig. 4e) . NIH 3T3 cell line is a mouse fibroblast cell line of Swiss mouse origin and used as the normal counter part for the fibrosarcoma tumor cell line studies [25] . (Fig. 4) Contd….. 
Arg Cures Established Murine Tumors
Based on the above in vitro data we conducted in vivo experiment to see the therapeutic effect of Arg on murine tumors. We therapeutically administered various drugs in different delivery vehicles. These groups incorporated all the possible controls, to address the issue of volume, pH, hyperosmolarity and chemical environment of the drug delivery schedules. We observed tumor necrosis, shrinkage and dose-dependent tumor cure of solid FS when Arg at 144mM (500 mg/ Kg body wt) and 287mM (1000 mg/Kg body wt.) was administered intratumorally either in medium or PBS at the tumor site (Fig. 5a-e) . Murine skin at the tumor injection site healed with no scarring (Fig. 5a) . We did not observe any systemic toxicity in the Arg-treated mice in all the experimental groups. However, Arg therapy at 200mM (1050 mg/Kg body wt.) cured LSA bearing mice only when delivered in PBS (Fig. 5f-g ). e a Shukla et al. (Fig. 5) Contd….. 
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Delivery Vehicle at Alkaline pH and L-Lysine is Not Toxic to Tumor Cells
Arg is an alkaline amino acid with a pI of 10.8 (the highest among amino acids), which means some characteristics of Arg aqueous solutions are similar to those of alkaline solution. Since pH of Arg solution is a function of its concentration and delivery vehicle ( Table 2) , experiments were designed to see the effect of 1 h of incubation of tumor cells either in PBS or medium at various pH on the survival of tumor cells. The pH of the medium or PBS were adjusted using 1 N NaOH. The survival of tumor cells was monitored by 3 H-thymidine based proliferation assay. The results indicated that PBS or medium treatment without Arg supplementation at all the pH did not kill the tumor cells and the tumor survival at the alkaline pH were not significantly different from the survival of tumor cells in PBS at pH 7.4 or medium at pH 7.4 (Fig. 6a) . The tumor incidence or mortality in FS tumor bearing mice was not statistically different in mice treated with medium or PBS (without Arg supplementation, pH 10.8) when compared to the sham group (Fig 6b) . Further, there was no significant tumor growth inhibition in all the groups presented in Fig. (6b) , as monitored by tumor size when compared to the sham group, indicating that only pH of the solution does not contribute to the in vivo tumor killing (data not shown). Treatment of FS tumor bearing mice with cationic amino acid L-Lys at 287mM (940 mg/Kg body wt.) did not confer any antitumor effect (Fig. 6b) . In the case of LSA tumor treated with either medium or PBS (without Arg supplementation, pH 10.8), the survival of mice was not statistically different when compared to the sham group indicating that only pH of the solution does not contribute to the in vivo tumor killing ( Fig.  5f-g ). Since L-Arg solution is hyperosmolar, we also investigated the effect of hyperosmolarity on the in vivo anticancer effect of either in PBS or medium. In the case of FS, the osmolarity was adjusted by adding 143μmoles NaCl/ml of either PBS or medium to make osmotic pressure equivalent to 287 mM L-Arg solution. In the case of LSA the osmolarity was adjusted by adding 100μmoles NaCl/ml of either PBS or medium to make osmotic pressure equivalent to 200 mM L-Arg solution. The results indicated that these hyperosmolar solutions of either PBS or medium did not have any anticancer effect (data not shown).
DISCUSSION
The existing cancer therapies can work in two ways, either by induction of apoptosis or by necrosis. Arg when incubated in medium for 24-72 h had been shown to kill gastric cancer cells through apoptosis [6, 7] . All the earlier studies suggested the ability of Arg to modify the tumor growth based on the metabolism of Arg [1-4, 6, 7] . Considering that Km values for the NOS enzymes for Arg are less than 20 μM, the enzymes will be saturated with the substrate in the tissues culture conditions, as the concentration of L-Arg in tissue culture conditions is more than 1 mM. At 5 mM of Arg, the substrate for the NOS enzymes is not a limiting factor, but still we did not get an anticancer effect at these concentrations when Arg was delivered either in PBS or medium. We obtained the anticancer effect only at 10 mM Arg when delivered in PBS. The anticancer effect observed by us is through a nonmetabolic process, since both enantiomers of Arg in PBS at doses less than 50 mM damage the tumor cell membrane. Since LSA tumor cells treated with 10 mM of Arg in PBS environment does not produce NO in the supernatant (Fig  S4) , Arg pathway via the enzyme NOS does not seems to contribute to the anticancer effect of Arg. Since D-Arg is equally effective as an anticancer molecule both in vitro and in vivo and the enzyme NOS is stereospecific for the Lisomer, these results suggest that the phenomenon is not metabolically driven. Even anticancer peptides having D-Arg is equally effective in killing tumor cells [11] . L-NAME and D-NAME are structural analogues of L-Arg and D-Arg respectively. These structurally analogous moieties can competitively inhibit the binding of Arg to tumor cell membrane and prevent clumping (Fig S3) , induced by either L-Arg or D-Arg. Our results ( Table 1 , Fig. 2a-h ) also indicate that necrosis is the most likely mechanism by which Arg inhibited the growth of tumor cells. Further, our data employing PI staining, annexin-V FITC staining, and CRA (Fig. 2a-h) pointed that the mechanism of cell killing is via membrane damage leading to necrosis. This was substantiated by the absence of caspase 3 activity in Arg treated tumor cells. These results indicate that Arg induced tumor cell death seems to be due to physicochemical interaction of pharmacological dose of Arg with tumor cell membrane.
Since primary tumor tissue microenvironment is a critical determinant of the response of tumor cells to the therapy, we selected FS, a solid tumor [26, 27] to demonstrate the ability of Arg to cure the tumor in vivo. We also selected ascitic LSA which mimics the clinical setting of the intra-peritoneal chemotherapy used in ovarian cancer [28] . These tumors syngeneic to the Swiss mice are good loco-regional chemotherapy models, where pharmacological concentrations of Arg in the desired vehicle can be delivered directly into the tumor site. To deliver high doses of drug to target sites with minimal toxicity to non-target organs or tissues, locoregional tumor therapy is an attractive approach for therapy of solid, non-resectable tumors. Loco-regional tumor chemotherapy has low systemic toxicity accompanied by increased therapeutic effect [29] . We selected Arg concentration of 287 mM at a dose of around 1000 mg/kg body wt. to treat established murine tumors based on the human pharmacology data on Arg, where 600 mM of L-Arg is injected intravenously for the insulin release assay [30] . Assuming uniform distribution of the Arg injected, the systemic levels of Arg in the mice would be less than 6 mM. Since 16 mM of Arg levels were detected with Arg infusion of human beings [31] the doses selected in our studies are pharmacologically relevant. Considering that we are dealing with loco-regional chemotherapy models, Arg concentrations higher than 300 mM can be delivered safely without causing systemic toxicity [29, 30, 32] . Continuous infusion of Arg in saline over a period of time, instead of bolus injection, as used in our studies, may be more effective in treating tumor. Our results indicate for the first time that pharmacological doses of Arg depending on the delivery environment can be used for loco-regional tumor therapy with minimal damage to normal cells. The anticancer property of pharmacological doses of Arg is entirely a new biological function of Arg and could have clinical relevance.
Living systems sense accurately their chemical environments. In our studies Arg-P up to 50 mM decreased the tumor growth in all the four cells lines (Fig. 3a-d) , which indicates Arg-P has better tumor inhibitory effect. The IC50 and IC90 values of Arg as shown in Table 3 can help in selecting the right chirality, concentration and delivery vehicle for administering Arg in to the tumor site. These results indicated that tumor cells were more sensitive to Arg when delivered in PBS environment. The observation in Fig.  (6a) clearly indicated that the tumor cytotoxicity caused by Arg in vitro is not due to alkaline pH environment of the vehicles, but due to delivering the Arg in free base form. However, L-Arg-M up to 50 mM stimulated the growth of tumor cells. Arg has been demonstrated to either inhibit or facilitate the growth through its metabolism [6, 7] . Since the role of polyamines in cell growth, proliferation are demonstrated, Arg via arginase pathway could contribute to the enhanced tumor growth [1, 4, 5] . However, D-Arg when delivered in medium did not facilitate the tumor growth, indicating the advantage of using D-Arg in tumor therapy. In the case of ascitic tumor LSA, Arg cured tumors only when delivered in PBS environment, which correlates with in vitro killing of tumor cells. Since drugs are usually delivered in a saline environment, our studies indicate the need to study the anticancer properties of drugs in saline environment, especially in tumors where dilution of the drug can take place. In the case of solid tumor FS, both Arg-P and Arg-M could cause necrosis and eventual elimination of 100 percent of the tumor at a dose of 1000 mg/Kg. For loco-regional therapies demonstration of tumor necrosis is a true indicator of complete response to an antitumor drug [32] . It can be seen from our data that delivery vehicles (PBS or Medium) adjusted to a range of different pH (7.4 and 10.8) not containing Arg, did not prevent the tumor growth (Fig.6b) . Highest concentration of Arg (287 mM; 1000mg/kg) at pH 7.4, injected at the tumor site did not cure the tumor (Fig  6b) . However, same (287 mM; 1000mg/kg) or lower concentrations of Arg (144 mM; 500mg/kg) free base, which has an alkaline pH delivered into the tumor site, caused the tumor inhibition (Fig. 5b-d) . Only free base Arg in PBS, which has an alkaline pH, cured both the murine tumors.
Although the IC90 values of Arg for FS in vitro are higher, the delivery of 144 mM of Arg (500mg/kg) into the solid tumor has significant anticancer effect. Positively charged molecules extravasate faster in solid tumors and also cleared from the plasma at a faster rate [33] . Even assuming enhanced Arg delivery to normal organs, the levels or Arg in normal tissues would be much less than 16 mM, when 1000mg/Kg of L-Arg is administered at the tumor site. At these concentrations, Arg will not contribute to toxicity towards the normal organs [30, 31] . Further, our results (Fig.  4) suggest the lack of toxicity of 50 mM of L-Arg towards normal cells, when exposed for 1 h. These results suggest that Arg at the right dose becomes an ideal anticancer molecule for targeting the solid tumor. Based on the above information, we feel that optimum concentration of Arg could be easily achieved in the solid tumor resulting in a better anticancer effect of Arg in the solid tumor. Our data indicate that both enantiomers of Arg at pharmacological doses depending on the delivery environment cured mice bearing ascitic LSA and solid FS tumor suggesting that Arg interacts with achiral components of the cell membrane and does not appear to proceed via a receptor-mediated route.
ACPs and CAPs interact with negatively charged cell membrane and kill cells usually by a cell membrane-lytic effect [11, 14] . There are several mechanisms of membranedisruption proposed to explain the activity of ACPs and CAPs. Some of the models used to identify the membranedisrupting process are carpet model, barrel-stave model, toroidal-pore wormhole model and detergent-type membrane lytic mechanism [11, 14] . A direct damage of mitochondria by the ACPs has also been suggested to explain cytotoxic activity ACPs [16] . Our results indicate that the membrane damage caused by Arg, especially when delivered in PBS, could be contributed by similar mechanisms. Formation of large mat of tumor cells suggests extensive cell damage as reflected by significantly reduced cell proliferation (Fig. 2g and Fig. 3a-d) . Large charged residues like Arg contain both lipophilic and aliphatic portion as well as a charged hydrophilic guanidinium group [18, 19, 34] and that their high pKa values ensure that they do remain protonated even at alkaline pH. The concentration, geometry, protonation state, high amphiphilic values, charge distribution and the ability to form multiple H-bonds at the ideal local environment could make Arg an anticancer molecule [35] . Arg molecule in dilute solutions is in a zwitterionic form having a large dipole moment, while it tends to be aggregated containing more than two Arg molecules and become non-polar in a concentrated solution above 10 mM [19] . We also observed Arginduced tumor killing at a concentration of 10 mM and above. Arg presents a hydrophobic environment and exists as molecular clusters in solutions and forms supramolecular assembly in PBS in a dose dependent manner up to 0.5 M and display a hydrophobic surface by the alignment of its three methylene groups [18, 19] . The clustering was dependent on the solution conditions. Arg solution at 200 mM concentration and a pH of 10.5 exhibits extensive noncovalent protonated clusters containing more than five Arg molecules, which may contribute to the membrane disruption, leading to necrosis [18] . Arg homo-polymers with more than five amino acids are effective as peptides, in entering the cells [12] . The anticancer property of Arg and its ability to form clusters seem to be correlated, as low concentrations of Arg where clusters were not seen do not prevent tumor cell proliferation. Based on the above data and our results we can hypothesize that Arg interaction with tumor target cell surface is a complex function of Arg concentration, its chemical structure and local environment.
L-Lys, a cationic amino acid like Arg and agmatine, the decarboxylated metabolic product of Arg containing guanidine group did not cause clumping of the tumor cells when delivered in PBS. Amino acid lysine could not replace Arg in its ability to inhibit growth of FS tumor, indicating that cationic nature of the amino acid alone was not sufficient for the efficient anticancer activity. Short oligomers of L-Arg or D-Arg containing six or more amino aids entered far more effectively than polymers of equal length composed of lysine [12] . Arg had higher propensity to form clusters than any other amino acids containing aliphatic chain or many methylene groups [18] . This unique property of Arg at alkaline pH stems from the strong interactions between their guanidinium and carboxylate groups of adjacent molecules, leading to the formation of Arg clusters. Aggregates of small molecules and not the monomeric forms are the biologically active entities [18] . We believe that a critical threshold of these Arg aggregates at the membrane could cause membrane disruption as suggested for CAP-induced membrane permeabilization [11] . The results suggest the possible role of supramolecular clusters of Arg as the active anticancer agent even though no direct evidence for such clusters is presented in the current work.
Evaluation of side effects of a putative anti-cancer agent is an important aspect of development of therapeutic drugs. Parameters important for the selection of an anticancer drug include its low cytolytic activities to normal mammalian cells and erythrocytes. The cytotoxicity of Arg was selective to tumor cells, as we did not observe Arg-induced cell damage when L-Arg in PBS was incubated with NIH 3T3 cells, lymphocytes or erythrocytes (Fig. 4a-e) . Arg did not cause any immunotoxicity as demonstrated by the inability of Arg to prevent Con-A induced T cell proliferation (Fig.  4d) . In fact, 1 h treatment with 50 mM of L-Arg stimulated the growth of Con-A stimulated murine T cells. RBC, which are known to normally maintain a relatively low membrane potential resist the membrane permeabilization by ACPs [16] . It has been suggested that cancer cells, having higher plasma membrane potential than normal cells, are more sensitive to CAPs [16] . Our results suggest that Arg targeted a surprisingly but clearly a fundamental difference in the membrane pattern present predominantly on the tumor cell surface and not normal cells, when Arg was delivered at the right dose and environment. Further investigation that combine biophysical and biochemical methods are needed to determine the primary molecular targets on the cell membrane and early plasma membrane events responsible for the Arg induced tumor cell death.
There has been no anti-cancer formulation so far, which is effective for the treatment of cancer using an endogenous molecule. Membrane disruptive property of Arg observed by us should be devoid of the propensity for development of drug resistance because of their unique mode of action [8, 9, 14, 36] . Arg through its metabolism can either inhibit or facilitate tumor proliferation, but the membrane disruptive property of Arg, through a non-metabolic process prevents the development of tumor resistance, as all four cell lines were killed by Arg. Since the current non-substrate antitumor mechanism of Arg does not depend on the proliferative status of the target cell, it could bypass the cellular mechanisms responsible for multidrug resistance. ACPs with antitumor properties have unresolved issues regarding toxicity, stability, production cost and potential immunogenic responses [11, 36] . Arg is devoid of these shortcomings. Arg is a small molecule which is stable, soluble, bioavailable, least toxic and does not initiate an immune response and whose pharmacodynamics is well characterized [30] . Our results indicate that loco-regional Arg therapy can be considered to treat accessible tumors in patients in the early stage of cancer, who do not have distant metastasis. Recent meta-analyses and randomized trials have demonstrated that improved loco-regional control does indeed impact longterm survival of stage IV breast cancer patients [37] . These results should appeal to clinicians, cancer biologists and drug designers who have followed therapeutic approaches, which spare the host toxicity and the development of drug resistance. 
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